The membrane attack complex (MAC) is a hetero-oligomeric protein assembly that kills pathogens by perforating their cell envelopes. The MAC is formed by sequential assembly of soluble complement proteins C5b, C6, C7, C8 and C9, but little is known about the rate-limiting steps in this process. Here, we use rapid atomic force microscopy (AFM) imaging to show that MAC proteins oligomerize within the membrane, unlike structurally homologous bacterial pore-forming toxins. C5b6 interacts with the lipid bilayer prior to recruiting C7 and C8. We discover that incorporation of the first C9 is the kinetic bottleneck of MAC formation, after which rapid C9 oligomerization completes the pore. This defines the kinetic basis for MAC assembly and provides insight into how human cells are protected from bystander damage by the cell surface receptor CD59, which is offered a maximum temporal window to halt the assembly at the point of C9 insertion.
Introduction
The formation of lethal membrane pores is a ubiquitous event in defence and attack between pathogens and their hosts [1] [2] [3] , It plays a critical role in the lytic, antimicrobial activity of human serum, the discovery of which was an early milestone in immunology 4 , and decades of study have unravelled the interplay between proteins that lead to the formation of immune pores in microbial membranes. The formation of these membrane attack complex (MAC) pores represents the final step in the activation of the complement system, an integral component of innate immunity, which surveys our body for pathogenic bacteria and which 'complements' the ability of leukocytes to kill pathogens. Dysregulation of MAC formation has been implicated in human disease 5, 6 , and therapeutics that control complement are being harnessed for cancer immunotherapy 7, 8 . Understanding how complement proteins assemble from innocuous soluble monomers into killer transmembrane pores can therefore contribute to developing strategies for treating human disease where the MAC is implicated 5 , and for repurposing the complement system as a potent immunotherapeutic 9 .
Assembly of the MAC is the end product of a complex series of biochemical interactions in which initially soluble complement proteins bind and undergo dramatic structural rearrangements to form a transmembrane pore. The resulting MAC pore is a hetero-oligomer formed from the irreversible, stepwise assembly of 7 different polypeptide chains: C5b, C6, C7, C8 (a hetero-trimer comprised of C8, C8 and C8) and C9, where 18 copies of C9 are required to complete the pore (Fig. 1a, inset) . Triggered upon detection of a pathogen, activation of complement leads to the generation of C5b via the cleavage of C5 by membranebound C5-convertase enzymes 10 . C5b is a metastable intermediate that rapidly sequesters C6 11 . Recruitment of C7 unfurls a lipophilic domain upon binding, while integration of C8 into the assembly is accompanied by an initial insertion into the membrane. The C5b-8 initiator complex then binds C9 and undergoes unidirectional oligomerization (with 18 copies of C9) to complete an 11 nm wide transmembrane pore, as characterized in increasing structural detail by cryo-electron microscopy (cryoEM) [12] [13] [14] [15] [16] . Together with crystallographic structures of component proteins, high-resolution cryoEM analyses of the full pore have identified regulatory roles for auxiliary domains 15, 17, 18 that control the transition from stable proteins in our blood to lethal transmembrane pores. However, it remains unclear which are the ratelimiting steps in the assembly pathway of these complement proteins.
As there is no known lipid or receptor specificity for MAC membrane insertion, the kinetics of pore assembly drives both the rapid innate immune response to pathogens and dictates how the MAC can be most effectively inhibited on membranes of self-cells. For human cells, the only known membrane-associated inhibitor of MAC assembly is CD59, a glycosylphosphatidylinositol (GPI) anchored cell surface receptor. CD59 binds the transmembrane residues of C8 and C9 19 , preventing pore formation and further oligomerization of C9 20 . The kinetics of MAC formation must allow a temporal window such that inhibitory factors can interfere at appropriate stages in the assembly pathway. Therefore, a kinetic analysis of MAC assembly will provide a much-needed framework to understand how CD59 inhibits lysis.
To understand the molecular mechanism and kinetics underpinning how and when the MAC assembly becomes cytolytic, we sought to track the progression of the complement terminal pathway at the level of single pores. Using rapid atomic force microscopy (AFM) imaging on supported model membranes, we visualize the initial interactions of complement proteins with the membrane, and resolve the kinetics of MAC pore formation. Together these data reveal the overall rate of the assembly process and identify which steps in the pathway are ratelimiting.
Results

MAC forms pores in bacterial model membranes
To enable AFM tracking of MAC self-assembly at single-molecule resolution, we developed a model membrane system that supported the formation of transmembrane pores. We sequentially incubated complement proteins C5b6, C7, C8 and C9 at physiological concentrations 10,21 on supported bilayers formed from E. coli lipid extract 22 and from pseudo E. coli lipid mixtures comprised of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). In our model comprised of synthetic lipids, we sought to harness the physico-chemical properties of the bacterial membrane: PG lipids harbour negative charge in their phosphoglycerol headgroup, whilst PE introduces a degree of stored curvature elastic stress into the plane of the membrane 23 . Inspection by AFM and fluorescence recovery after photobleaching (FRAP) reveals a single continuous supported bilayer with rapid in-plane diffusion (SI Fig. 1 ). High-resolution AFM images of the resulting end-point MAC pores are consistent with cryo-EM reconstructions (SI Fig. 2a-d) . We clearly resolve the lumen of the -barrel pore in addition to the protruding C5b stalk that hallmarks the MAC ( Fig. 1) 11, 13 . Vesicle lysis assays corroborate the functional requirement of both a C5b-8 'initiator' and C9 'propagators' for MAC to form lytic pores (SI Fig. 2e) ; and negative-stain EM on lipid bilayers shows that C5b-8 is required for the oligomerization and insertion of C9 within the membrane (SI Fig. 3 ). Together, these data confirm that the C5b-8 initiator complex, comprised of C5b6 in complex with C7 and C8, is essential for the formation of a functional MAC within the bacterial model membrane.
C5b6 binds to bacterial target membranes to initiate MAC assembly
Previous biochemical studies of MAC formation were performed on an ensemble of erythrocyte and liposome membranes, preventing analysis of individual pores [24] [25] [26] . By contrast, our experimental system facilitates a stepwise study of MAC assembly at the single-molecule level. Upon addition of C5b6 to a bacterial model membrane, we observe features of fewnanometre dimensions ( Fig. 2a ) that appear at different locations in subsequent images. Their mobile nature on the membrane and protruding structure pose a challenge for AFM imaging 27, 28 , in practice putting them at the detection limit of AFM. Further in situ incubation with C7 yields an increase in the number of such features, which appear at enhanced clarity and robustness after the subsequent addition of C8 ( Fig. 2a, SI Fig. 4) . These data indicate that C5b6 binds to the bacterial model membrane and becomes more static and/or more robust against the movement of the scanning AFM tip following assembly with C7 and C8. 
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To rule out artefacts due to the inherent invasiveness of the AFM measurement, we also performed binding assays by quartz crystal microbalance with dissipation monitoring (QCM-D), which correlate with our AFM data. Briefly, we prepared supported lipid bilayers on a silicon dioxide QCM-D sensor, with which we could detect membrane binding of complement proteins 29, 30 (Fig. 2b, SI Fig 5) . Upon addition of C5b6, we observe shifts in frequency (f) and dissipation (D) that persist upon washing with buffer. These data confirm C5b6 binding to the membrane and demonstrate the stability of this membrane-bound state. Subsequent incubations with C7 and C8 show further stable complexes that again could not be removed by washing with excess buffer. Upon addition of C9, we observe a final shift in frequency, corresponding to the inserted MAC pore. Taken together, these results demonstrate that the MAC is membrane-bound throughout its entire assembly pathway, beginning with C5b6.
C9 monomers are recruited directly from solution
MAC proteins are structurally homologous to the immune protein perforin and to bacterial cholesterol dependent cytolysins, both of which form pores through the homo-oligomerization of membrane-associated monomers. 3, 27 We next explored whether the hetero-oligomeric MAC pore could assemble via analogous membrane-bound C9 oligomers, prior to its association with C5b-8. However, from the absence of C9 upon E. coli lipid bilayers in the electron microscopy and AFM images in SI Fig. 3 , we conclude that such intermediates, if existing at all, are only transiently bound to the membrane. Upon addition of C9, AFM imaging (SI Video 1) does not show the characteristic pre-pore carpet that was detected by AFM for perforin 27 and the cholesterol dependent cytolysin suilysin 28 . Instead, we observe a planar membrane background that remains featureless until MAC pores emerge, implying the absence of any pre-pore oligomers until the pore is assembled within the membrane. The static nature of these MACs confirms their membrane-inserted, pore character 27 . Taken together, these data indictate that C9 monomers are recruited directly from solution to the nascent pore and not via a membrane-bound C9 intermediate.
Initial insertion of C9 is a kinetic bottleneck in MAC assembly
By tracking the appearance and evolution of individual pores, we next determined the reaction kinetics that govern MAC assembly. Upon association with C5b-8, C9 oligomerizes to complete a transmembrane pore. With a frame rate of 6.5 sec per frame, we used AFM to visualize C9 oligomerization in real time at 30 C ( Fig. 3a , SI Video 1, in which t = 0 is defined as the time of C9 addition); data recorded at the physiological 37 C showed similar kinetics (SI Fig. 6, SI Video 2) . A single MAC pore is formed within the first few frames immediately after addition of C9. The pore persists in isolation for 30 seconds, after which multiple (3) (4) (5) pores appear simultaneously, and the number of pores augments at a gradually decreasing rate, up to approximately 50 MAC pores in the field of view at the end of the recording (SI Video 1 and Fig. 3a ). Remarkably, complete MAC pores continue to appear over an hour; yet the completion of each individual MAC occurs at the timescale of a few seconds to minute ( Fig. 3a, SI Video   1 ). Hence, two distinct kinetic steps are observed upon C9 addition to the nascent MAC.
Firstly, we observe slow C9 binding to C5b-8, which is taken as our initial detection of a poreforming event after the addition of C9. We define kinetics of this event by a characteristic initiation time init. Secondly, our data show rapid C9 oligomerization to a C5b-8C9n MAC pore.
We define the time for each growing pore to fully assemble as olig. Consistent with the description of these two distinct kinetic steps, the vast majority of end-point MACs in our data are complete, ring-shaped pores. If the rate of initial C9 insertion were faster than the subsequent oligomerization reaction, kinetically-trapped, arc-shaped assemblies would occur due to monomer depletion, as has been observed for other pore-forming proteins 27, 28, 31 . To determine whether the kinetic bottleneck is attributed to C8 incorporation or insertion of the first C9, we allowed an extended temporal window after the addition of C8 and prior to adding C9 (SI Fig. 7 , SI Video 3): we confirm by time-lapse AFM imaging that this does not lead to more efficient/faster MAC formation (SI Fig. 7, SI Video 3) .
Rapid AFM imaging allows quantification of reaction times
To quantify the reaction time of initiation and oligomerization, we analysed rapid AFM imaging data documenting pore assembly. Considering the nearly 100-fold difference between the timescales of MAC appearance (initiation) and completion (C9 oligomerisation), the timescale of completion can be assumed negligible relative to that of initiation. We detected pores by cross-correlation during particle tracking (see methods), and take pore appearance as a proxy that reports on the time of initiation of MAC assembly after addition of C9 to the reservoir. In doing so, we determine a characteristic initiation time init = 912  32 s (Fig. 3b) . forming event (corresponding to event shown in a), plotted here as a measure for completion of MAC assembly. The red line represents a sigmoidal fit to the data, as a generic and mathematically convenient description of a smooth transition between pore absence and pore completion. The C9 oligomerization time is determined from the width of the transition, highlighted by green dashed lines (see SI Fig. 9 for details). c, Distribution of oligomerization times, extracted from n = 33 isolated pore forming events in 6 independent experiments.
The kinetics of C9 oligomerization were determined by tracking areas with individual pores from just before the point of initial detection to after completion ( Fig. 4, SI Video 4) . Image sequences of these tracks show distinct intermediates of a growing pore as the MAC completes ( Fig. 4a, SI Fig. 8) . To quantify the timescale of the transition we use the average frame height (defined by the average pixel intensity) as a proxy to report on the completeness of the pore. As the pore evolves we observe a gradual increase in the average height in the frame, which plateaus as the MAC reaches a final state ( Fig. 4b, SI Fig. 9 ). Previous structural studies defined the stoichiometry of the complete MAC as having 18 copies of C9 12 . To measure the time required to add 17 copies of C9 after the initiation event,  olig , we record the width of the transition between detection of the initial event and appearance of a complete MAC pore,  olig = 112 ± 17 s (Fig. 4c) . This is an order of magnitude shorter than  init , and implies that the average time per addition of each of the remaining 17 C9 subunits ( + = olig /17 = 6.6 ± 1.0 s) is more than two orders of magnitude shorter than  init .
A kinetic model for C9 assembly in the MAC
Given that  init ≫ + , we can interpret our data in terms of the separate reactions C5b-8 + C9 init → C5b-8C9 and C5b-8C9 + C9 + → C5b-8C9 +1 (1 ≤ < 18), with respective rate constants init and + . We observe that the C9 oligomerization times are independent of the time at which the reaction is initiated (SI Fig. 10 . This more quantitative analysis confirms that the initial insertion of C9, together with its binding to C5b-8, is the major rate-limiting step in MAC assembly.
Interestingly, this rate-limiting step coincides with the stage where MAC pore formation is inhibited by CD59, which is present on the surface of human cells to prevent them from being lysed by complement 20, 32 .
Discussion
The MAC represents a biomedically important system in which to probe how unique individual proteins self-assemble into a macromolecular functional unit. Once initiated, five soluble complement proteins sequentially and irreversibly self-assemble into a hetero-oligomeric pore that opens up an 11 nm hole in a fluid lipid bilayer. While there is an extensive (and still expanding) body of structural and functional information documenting the MAC and its constituent components, the pathway and kinetics of its assembly have been more difficult to study 24 . Here we have presented rapid AFM imaging data that track MAC assembly at the single-pore level in real-time. Furthermore, we have derived kinetic models for initiation and oligomerization of C9 that explain how rate-limiting assembly intermediates can be captured by our body's self-defence mechanism to prevent disease.
Based on the results presented here, we define a kinetic pathway of MAC assembly (Fig. 5) .
C5b6 binds to bacterial lipids and serves as a platform for coordinating the sequential assembly of C7 and C8 at the target membrane. This newly formed C5b-8 initiator complex is explicitly required for membrane insertion of the initial C9 molecules. Our data reveal that this initiation phase, which relates to the insertion of the first C9, is the rate-limiting step. A rapid oligomerization phase completes the transmembrane MAC pore, as further copies of C9 bind and insert into the membrane directly from solution. Specifically, the binding of the initial C9
to C5b-8 is characterized by a rate constant that is more than two orders of magnitude smaller than that for the subsequent binding of C9 to C5b-8C9n (1 ≤ < 18), and occurs more slowly than C5b-8 formation. In summary, we show that once activated, the MAC pore rapidly assembles in the target membrane. Interestingly, the rate-limiting step of MAC assembly, as identified here, coincides with unfurling of the first C9's hairpins into the membrane. This can be related to the recent structural insight that C9 can bind to the C5b-8 initiator complex before inserting into the membrane; however, undergoing the helix-to-hairpin transition is required to propagate oligomerization 15 .
By having distinct initiation and propagation stages, C9 assembly in the MAC resembles pore formation of the related immune protein perforin, where the rate limiting step is the insertion of a small (membrane-bound but not yet membrane-inserted) pre-pore assembly, acting as a nucleation site from which to grow a transmembrane pore 33 . Although we do not observe any membrane-bound C9 pre-pore assemblies, the C5b-8 initiator complex, together with a C9 molecule yet to undergo its transmembrane transition, could serve a similar function. Our data provide the first experimental evidence that MAC is a growing pore, similar to perforin. These mammalian immune pores differ from bacterial pore-forming proteins from the same superfamily that undergo a concerted oligomeric pre-pore-to-pore transition, after which no further assembly events have been observed 3, 28, 34 . In a bacterial membrane that harbours a dense proteinaceous network of porins 35 , such a collective pre-pore-to-pore transition is likely to face a large free energy barrier; instead, a growing pore that directly recruits individual monomers from solution can act as a jack that prises open a hole within the porin lattice.
Our results show that C5b6 initiates MAC assembly at the membrane and all subsequent protein components are integrated directly from solution. The C5b6 crystal structure demonstrated that prior to interacting with lipids, C6 membrane-interacting residues remain in their soluble helical form 17 ; however, the complex has been shown to associate with lipid bilayers 16, 32 . It is likely that C5b6 membrane-binding is dominated by electrostatic interactions of negatively charged lipid headgroups (such as PG lipids commonly found in Gram-negative bacteria 36 ) with either the thrombospondin (TS)1 domain of C6 37 or by its unfurled membrane interacting -hairpin 16 , both of which expose an interface rich in positive charge. Such lipid headgroup dependence also emerges from studies on MAC binding 29, 30 and complement activation on model membranes 38 . The observed membrane binding of C5b6 is consistent with recent work on bacteria 9 , reporting that the downstream efficiency of MAC formation is greatly enhanced when C5b6 is actively formed by C5 convertases bound to the bacterial surface. Our results here provide the rationale for this observation. We propose that nascent C5b does not leave the bacterial membrane upon its generation by the C5 convertase, but needs to recruit C6, C7 and C8 directly to the target membrane. This facilitates binding and oligomerization of C9, thus generating the functional pores that kill the bacterium.
Although the here discussed lipid dependence suggest some MAC specificity for bacterial targets, C5b8-initiator complexes can deposit and progress to cytolytic pores on host cells if not properly controlled. Therefore, human cells express CD59 on their surface, which disrupt MAC assembly from the point of C5b-8 formation onwards 33, [41] [42] [43] . Specifically, CD59 inhibits MAC assembly by binding to the TMH -hairpin on the leading-face of C8 (residues 334-385) 39 , and to a buried 6 amino acid sequence of C9 (residues 366-371) that is exposed upon binding C5b-8 32 . However, it is not known whether C9 has initiated the insertion of its hairpin into the membrane prior to binding CD59. Our data highlight a rate-limiting step at the association of C9 with the C5b-8 MAC precursor. This allows a maximum temporal window for the mechanism by which human cells are protected from autoimmune attack by the MAC: our model favors a mechanism whereby C9 has not unfurled into the membrane immediately This is consistent with the oligomerization kinetics of a single pore observed here in vitro, suggesting that only few pores are sufficient to lyse a B-cell.
In summary, we have determined the pathways and kinetics of assembly for a heterooligomeric protein complex by molecular-scale measurements. These assembly kinetics govern how MAC kills bacteria and how our body's self-defence mechanism prevents membrane damage, which may also be relevant for complement dependent cytotoxicity in cancer immunotherapy 7 . Finally, we anticipate that our findings will guide the interpretation of on-going studies towards an atomistic model of MAC structure. 
Preparation of Lipid Vesicles
Pure lipids were dissolved in chloroform at 10 mg/mL and mixed in solution to give a lipid mixture at a desired molar ratio. The lipid-in-chloroform solution was then dried in a glass vial under a stream of nitrogen gas to give 1 mg of lipid as a thin film. The lipid film was hydrated in buffer (20 mM HEPES, 120 mM NaCl, pH 7.4), vortexed and bath sonicated to give a cloudy lipid suspension. The suspension was then passed through a 50 nm polycarbonate membrane (GE Healthcare Lifesciences) 15 times to yield a clear suspension of small unilamellar vesicles (SUVs). All lipid species used had a gel-to-fluid transition below room temperature, and therefore were assumed to be miscible without heating. Rapid PeakForce Tapping (with the z scanner driving at 32 kHz) was performed with largely custom built hardware as described in detail elsewhere 41 . Importantly, the AFM head has a sufficiently small laser spot to accommodate miniaturized cantilevers, and the high-speed scanner is flexure-based with a 1.8 µm x 1.8 µm x 2 µm range and ~100 kHz z bandwidth.
AFM Sample Preparation
Fast force-distance based imaging modes were implemented by sinusoidally modulating the tip-sample distance at a high rate between 16-32 kHz and recording the resulting deflection signal with a significantly higher sampling rate (512 kHz). The resulting periodic hydrodynamic background was recorded slightly above the surface and subtracted from the deflection in real time. The resulting interaction was a sinusoidal force-distance curve where the maximum force was used for feedback. For practical purposes, highest-quality data were recorded at 30 o C;
and next compared with results obtained at the physiological 37 ºC (see main text).
Commercial FastScan-D cantilevers (Bruker) were used for all experiments, except for images shown in Fig. 2 , which used pre-release Fast Tapping probes (Bruker; resonance frequency 140 kHz, spring constant 0.3 N m -1 ). FastScan-D cantilevers have a specified spring constant of 0.25 N m -1 with a resonance frequency of 110 kHz in liquid; this exceeds our ramping frequency by at least a factor of 3, sufficient to avoid coupling between the ramping frequency and the cantilever resonance. Cantilevers were rinsed in isopropanol:ethanol (1:1) and plasma cleaned in air prior to use.
AFM Data Processing
Image analysis was performed using Nanoscope Analysis version 1.80 (Bruker) 27 . Briefly, images were plane levelled and line-by-line flattened with the lipid bilayer as a reference. A Gaussian filter with a full-width half-maximum of 2 pixels (corresponding to 4 nm) was used to smooth out high frequency noise where necessary.
Tracking the evolution of a growing pore, and pore counting, was performed as follows, using MATLAB (MathWorks), and the scripts described were used with Bruker's MATLAB toolbox:
NSMatlabUtilites.
AFM video sequences were loaded into MATLAB, and a 1 st order plane background subtraction was applied to each image. A template pore was user-selected from the final image in the sequence. This was used as the template in a 2D cross-correlation analysis, applied to each image in the sequence. If features correlated with the template over a given, normalized threshold value (set as 0.6 here; user-adjusted to optimize recognition), such features were identified as MAC pores. The number of features found in each frame was defined as the pore count. Next, using the coordinates already obtained from the 2D crosscorrelation analysis, the coordinates of the appearance and growth of unique pores were tracked, and their coordinates stored into a new array (track). This used two further parameters: (i) A maximum linking distance (typically set at ~ 30 pixels), which defines a pore as being the same unique pore as that detected in the previous frame, only if the coordinates of the feature were within the maximum linking distance. (ii) A maximum gap closing (in frames), which defines the number of frames in which a feature (that is within the maximum linking distance) cannot be found and yet is still defined as belonging to the same track (this reduces the risk of artefacts due to image noise). The pore count and coordinates for individual tracks were then saved into a data structure.
Next, using the track coordinates, new image sequences for each pore were cropped to within a radial distance of 25 nm from the centre of the feature, and including some extra frames recorded before the first appearance of a given pore. For each cropped image sequence, the average height of each frame in the sequence was calculated and saved into a new array.
This analysis was repeated for several data sets, and the data saved into new data structures. to ~90% of the transition; see SI Fig. 9 ) was defined as the width of the transition (and hence reaction time). If, from the fitting, t0 was negative or 3* was longer than the video sequence, this was considered a poor fit and the data was removed. For the image sequence tracking a single MAC pore in fig. 4 , a 1.5 nm Gaussian filter was applied.
Pore cross-sectional measurements
AFM: Image processing was carried out in Gwyddion 43 . Images were plane levelled and lineby-line flattened with the lipid bilayer as a reference. A Gaussian filter with a full-width halfmaximum of 2 pixels was used to smooth out high frequency noise. Following this, a crosssection was then taken diagonally across a single MAC pore (shown in Fig 1. ) and exported.
Data was plotted in Origin.
EM: A MAC pore of structure EM-3134 12 was imported into Chimera 44 . Volume filtering was performed with = 14 pixels to obtain a structure with resolution comparable to that of the AFM data. Given a resolution of 8.5 Å for EM-3134, this corresponds to a physical width (of the filter) of 11.9 nm. The volume viewer tool was optimised to ensure the full surface as shown (level 0.002). The model was then coloured by height with a black to white gradient (low to high) of -100 to +200 Å in steps of 75 Å. A top view image was then exported into Gwyddion 43 for cross-sectional analysis. A cross-sectional measurement was taken horizontally across the pore diameter against the approximate height of a surrounding membrane (50 Å), including the stalk, and exported. Data was plotted in Origin.
QCM-D Measurements
Quartz crystal microbalance with dissipation monitoring (QCM-D) allows semi-quantification of mass deposition to a quartz crystal sensor. Binding assays were performed by flowing complement proteins over a lipid bilayer supported by the silica-coated QCM-D sensor.
Biomolecules interacting with the sensor interface give rise to a change in resonance frequency (f) and energy dissipation (D) of the quartz sensor. Briefly, a decrease in resonance frequency is proportional to an increase in mass, whilst an increase in dissipation qualitatively correlates with an increase in the 'softness' of the film. QCM-D measurements were performed in flow mode at a flow rate of 10 μL/min using a Q- 
Negative-stain EM
Supported lipid bilayers were formed as described for equivalent supported lipid bilayers as used in AFM experiments, using 8 nm thick PELCO® silicon dioxide support films for transmission electron microscopy grids (Agar) as the support instead of mica. Briefly, the glowdischarged grids were incubated with an SUV suspension in calcium containing incubation buffer (20 mM HEPES, 120 mM NaCl, 10 mM CaCl2), rinsed and incubated with complement proteins as described above. Importantly, this allowed us to remove all soluble protein and excess lipid from incubation buffer prior to staining. Samples grids were rinsed with 500 µl incubation buffer, taking care that they remained hydrated throughout, and subsequently stained with 2 % wt/wt uranyl acetate. The sample was incubated with uranyl acetate for 60 seconds and carefully blotted dry, ensuring that the strain was quickly removed to avoid crystallisation of excess uranyl acetate at the surface. Samples were imaged on a Tecnai T12 thermionic filament microscope (Thermo Fisher Scientific) at 120 kV. Images were taken with a defocus of 0.5-1 µm on a Gatan 4k x 4k CCD camera, giving a final pixel size of 1.64 Å. according to the Soumpasis model for diffusion limited recovery 24, 42 .
Fluorescence Recovery After Photobleaching
Kinetic Analysis
Given that the initiation and prolongation of C9 binding to C5b-8 occur at such different time scales ( init and olig or + , respectively), we approximate the reaction kinetics by considering the separate reactions .
Taking into account that ∑ = 1 18 =1 and assuming that 18 is significantly smaller than 1 (i.e.,
ignoring the oligomerization of the last few C9s), we find a constant oligomerization rate d〈 〉/d ≈ + [C9], such that + ≈ + −1 [C9] −1 , with + determined as in Fig. 4. 
